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SUMMARY

This document reports the results of a 25-month research study, entitled
"Evaluation of CONAP concept for Advanced ABM Nosetips." This program eval-
uated the performance of the Controlled A aosphere Protection (CONAP) con-
cept in active oxidation protection of a hot refractory metal, transpiration
cooled nosetip for future application in an advanced interceptor missile sys-
tem. The specific objectives of this program were to build, process, test,
and evaluate three-dimensional porous tungsten, sphere cone nosetips at the
Wright-Patterson 50 MW Plasma Arc Facility. In addition, the program eval-
uated distibuted discrete hole models in the Martin Marietta Ramburner Facil-
ity. The porous tungstin nosetips tested in the 50 MW Plasma Arc Facility were
processed from Sylvania Tungsten-Copper (80 v/o - 20 v/o Cu), manufactured
to SPRINT Specification 11181124 (Appendix III). This material selection
was based on the results of previous work accomplished under ANMRC Contract
DAAG46-73-0053 where several porous tungsten materials were characterized for
flow properties and internal heat transfer characteristics.

The testing conducted in the 50 MW facility was intended to compare and
evaluate the performance of porous nosetip designs in a three-dimensional
environment. The resuilts of this test (summarized in Table I and shown in
Figures 1 end 2) show that: i) two porous tungsten models (models No. 4 and
5) performeu well for the total test time of 4 seconds, 2) one model per-
formed well for 1.2 seconds and subsequently broke at the neck, 3) one model
failed at 0.5 second, and 4) the remaining two models did not receive suf-
ixcient coolant because of expulsion system venting. Of the five porous
tungsten models tested, three porous models cracked longitudinally along
the sidewall, and one broke at the neck during the tests. Only one of the
m: jels had no apparent cracking. Based upon this performance, it was con-
cluded that, in principle, the CONAP porous tun-sten matrix concept using a
reactive gas operates successfully. The matrlx material, however, will re-
quite considerable development to qualify as a flight system noaetip caudi-
date.

The significant result of the evaluation of the discrete hole concepts
was that a departure frem the ordinary sphere-cone configuration was advan-
tageous lt terms of requiring a minimum flow for survival. Two concepts
in particular required less coolant than others considered: 1) the 30-degree
ogive configuration with sidoslots and 2) the sphere-cout.-coe configuration
with sidelots (shown in Figure 3).

Based upon the results of this program It was concluded that future work
in the development of the CONAP concept should concentrate on the following:

I Development of porous tungsten material.

2. Assessment of discrete hole concepts at angle-of-attack.

3 Testittg of the discrete hole concept in a plasma arc facility.

4 Assuming that viability of both cotcepts is demtnstrated,
combined ablatiot-erusion testing followed by full-scale ground
tests in a rocket exhaust facility should be performed,



TAB3LE I

Test Results at Wright-Patterson 50 MW Plasma Arc

Model Miodel
NO. Description ReSuits Cond tito
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20 blind titles equelly S P ..o.s tungstcn e Survived for total tsot * Longitudinal

c spcd at 45 degrees 3c tun'gsten en time o f 4 senoods crack
is hle 0.01 si dreo m1 Gus vnted tbrough crach . Sub sidi.r

1
45 oinbdia x 0.025 blin d bolos sour end of test ond cch-l inh depth stasrd stagnation poist

S. vapoe deposit sod blind hole area

I Potro tungsten . Breohe at sock at 1-. * oo. tl
u t~t on rst Lt.,od hp
sitional m Rats .- d that nose tip
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Figure 2. Post Test of Porous
Tungsten Nosetip No. 5 Tested .

for 4 Seconds

DESCRIPTION CONFIGURATION

CONFIGURATION 3
SPIE RE-CONE -
CONE WITH 1/8-
INCH CENTINE ..... .
HOLE AND SIDE-

CONFIGURATION 5

30-DEGREE OGIVE

CENTERLINE HIOLE

AND SIDESLOTS

Figure 3. CONAP Discrete Holo Configuration Tested in 4Am~burner
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1.0 INTRODUCTION

l.i Background

High performance interceptors require tLe development of a low reces-

sion, shape stable, erosion resistant nosetip. h, development of nosetips

for advanced systems is currently persuing both active and passive concepts.

The use of orthogonal-weave carbun/carbon nosetips with refra-tory metal

subtips for eresive environmentsa represents one approach. Actively cooled

systems based on both liquid and gas coolants are an alternative approach.

This study is concerned with development of an active gas-cooled nosetip.

Use of a coolant transpired through a metal matrix wall or through a
distributed discrete hole matrix wall as a heat protection surface for the
noset[p of a hypersonic vehicle is not new. It has been receiving consider-
able attention in recent years as a means of achieving a shape-stable nose-

tip for high ballistic factor reentry vehicles (References 2, 3, 4, avd 5).

(;round and ftight tests have been conduected on systems wita water as the
coolant and stainles steel as the matrix, with the coolant introduced to

t,, wall surface through either discrete holes or by distributed porosity.
The haisl pi inc ples are well proven and, al though there are uncertainties
in tie downstream cooling effectivity of tile fhlid filh layer and a requited
safety factor, trans pi ration cooling has been used in practice (Refereico 6)

to provide zero-receision nosetips under tite most severe ICBM reentry

cod tI iOts.

Although water has a relatively high efficiency as a coolant and has a

good storage density, the work of References 1, 5 aid 7 shows that if water

is replaced as a coolant by a reactive gas used with a h 3g~t surface tempera-

ture porous matrix, or with a warm dilutant gas expelled from a discrete

hole refractory matrix, numeroni system bonfith could theoretically be real-

ized. These include lower coolant weights and lower expulsion system weights.
A material that can operate at a high surface temperature is an Ideal matrix

taterlal since high surface temp,-atures greatly reduce the net incoming

heat flux, Also, with a material tOat can operate at a high temperature,
local hot spots are tot catastrophic. A refractory metal such as tungsten,

would be an excellert material for this application except that at high

surface temperatures the tungsten must b protected from the oriziag

effects of the boundary layer oxygen.



The Controlled Atmosphere Protection (CONAP) concept combines a re-
active coolant, ammonia, or a dilutive coolant with the high temperature
tungsten matrix. This concept depends upon the ability of the injected
coolant to either deplete or dilute the flow of oxygen reaching the refrac-
tory hot wall. A series of tests was conducted to demonstrate experimentally
the feasibility of this concept (References 7 and 8). In the first series,
(Reference 7) ammonia coolant was used in conjunction with a porous tungsten
matrix.

The results of these tests, conducted at the AVCO 10 MW Plasma Arc
Facility, shoued that at a heat flux of 3500 BTU/ft

2
-s and an enthalpy of

4000 BTU/lb no measurable recession occurred in a 5-second test where
ammonia was used to deplete oxygen at the surface of a porous tungsten
matrix.

In the second series of tests (Reference 8) a dilutant coolant was
used with a discrete hole matrix. The results of these tests, conducted in
the Martin Marietta Ramburner Facility, showed the survival of a surrogate
material (aluminum) with no recession.

It has been anticipated that in thd CONAP concept using porous tungsten
materials, the porous materials matrix development and the internal coolant
flow distribution would be the key problems to be addressed, whereas an angle-
of attack environment would be of minimal eftect on this type of nosetip. In
the CONAP concept using a discrete hole matrix, the external configuration and
angle-of-attack would be the key problems, whereas the development of a suit-
able refractory metal would not be as critical since high strength refractory
metals were previously developed in a related AMHRC contract (Reference 9),

The initial study in the development of the CONAP concept was conducted
under contract to the Army Materials and Mechanics Research Center, Contract
DAAG46-73-C-0053. This study concentrated on quantifying the pressure and
thermal response of the gas passing through the porous matrix and the mech-
anics of controlling the flow in the porous matrix. The purpose of the

initial study was to evaluate available porous refractory materials and

their applicability as nosetip or air vane leading edge materials in a

flight environment, Flow characteristics of the materials and the operating

efficiency of the concept were evaluated by laboratory testing. These tests

consisted of obtaining flow characteristic data (permeability and inertial

resistance coefficient) for a variety of porous tungsten and discrete hole

tungsten matrices. The heat transferred from a hot tungsten matrix to the

ammonia gas passing through the matrix was also measured. The materials
and concepts that were evaluated and the tests performed are shown in

Table 1-I. A wide range of porous tungsten materials, ranging from 50

percent (by volume) tungsten to 80 percent tungsten were evaluated, and
complete correlations of the data were obtained. Batsed on these data,
several conclusions were made. At the coolant mass flow rates xpected
5 lb/ft

2
-s) for a typical advanced interceptor en%ironmant, the internal

heat -r-nsfer coefficient is on the order of 1000 BT/ft
3
-sOR. The impact

of this result on the system weight is discussed in Reference 1; it was

found that the CONAP concept system weights are roughly 50 percent lighter

than the water system weights. lihe flow characteristics data show that the

2



porous tungsten matrices, augmented with blind holes, can increase the
coolant mass flow rate in a local area without starving other surface areas
for coolant. The combination of flow characteristics data and heat transfer
coefficient data shows that the process of surface vapor deposition decreases
coolant mass flow in a local area without affecting the heat transfer coef-
ficient. These modifications to a porous tungsten material can be used to
tailor the coolant mass flow distribution through the porous matrix to
better meet the mass flow requirement distribution of a nosetip or air vane
leading edge. The blind hole technique can be used in the sonic point
region of a nosetip or stagnation line region of an air vane leading edge
to increase the local mass flow. The vapor deposition technique can be
used on the sidewall on both parts to decrease the local mass flow. These
experimental results applied to a tight environment made it possible to
define the best of the available porous tungsten materials. As discussed
in Reference 1, the Wah Chang and Sylvania porous tungsten (80 percent by
volume) materials were selected as the best of the available porous tung-
sten materials. This selection was based upon those materials whose design,
through the flow modifications discussed, resulted in the minimum flow rate
variation between actual and ideal flow.

TABLE I-I

Material and Test Summary (Reference 1)

Flow Direc tion Mat-ris and eoncepts Fvaiuated

C=OD Porous tunsg~too

c.=> ,"' Porous tuogstos sodified With
bliad holes to Ineroaso floo

Pe u., too.tro "Iodifted vitt.
vnpor doposico E. doer-se (I.w

C: @ Disc:rete Itole tunuto -....ppor

Tost Cooduct od

* stern6l hat trait, or Coo1f4i ot

o lo harctoriatle to.ti (po roabillty 4od
tortial re altaoc, roafllctet)

In the initial CON'" study, a one-dimensional experimental and analyti-
cal approach was used to evaluate and select the most nearly optimum mater-
ials and concepts. The hree-dimensional effects wore evaluated analyti-
cally; however, the experimental evaluation of nosetip shapes can best be
accomplished in a high pressure plasma arc facility which ii the basis of
the current experimental program.

3



The CONAP concept using a discrete hole matrix represents a logical
extension of the initial effort and offers the advantage of having a more
structurally sound material.

1.2 Study Approach and Objectives

The study discussed in the present report assessed the performance of
three-dimensional nosetips in both the Wright-Patterson 50 K4 Plasma Arc

Facility and the Martin Marietta Ramburner Facility.

The goals of this test program were to:

I Compare and evaluate the performance of porous nosetip
designs in a three-dimensional environment in the Wright-
Patterson 50 MW Plasma Arc Facility

2 Compare the performance of several discrete hole config-
uration concepts in the Martin Marietta Ramburner Facility.

4



2.0 PLASMA ARC TEST PROGRAM

2.1 Nosetip Design and Tungsten Materials Selection

2.1.1 Nosetip Description

Nosetips evaluated in this program consisted of six porous tungsten nose-
tips and one discrete holed tungsten copper tip. Five of the porous tungsten
tips were modified with blind holes and vapor-deposited tungsten on the side-

walls to permit tailoring of the gas flow. The basic nosetip design is shown

in Figure 2-1. The interconnected porosity tungsten matrix, required for

coolant gas flow in the transpiration cooling process, was achieved through

copper extraction of the tungsten-copper stock, purchased to SPRINT Specifi-

cation 11181124 (Appendix III). All of the tips were machined from tungsten

copper stock to the configuration of Figure 2-1, prior to further processing
to achieve the final configurations. In the case of the porous tungsten

nosetips, this additional processing included copper extraction, which will
be described later in this section, the application of vapor deposited

tungsten material on the nosetip sidewall and the drilling of blind holes in
the nosetip hemispherical section at the 45 degree surface angle point. The

nosetip processing sequence, in the order of execution, was as follows: The
nosetips were first machined to the configuration of Figure 2-1. The copper
phase in the material significantly contibutes to the ease of machining of this

material. Blind holes were then drilled into the appropriate nosetips.
Porous tungsten parts were then obtained through the copper extraction pro-
cess. Finally, tungsten vapor was deposited upon the sidewall of the appro-
priate nosetips. The purpose of the blind holes, placed at tile nosetip tonic
point, and tile tungsten material vapor deposited upon the nosetip sidewall,

was to locally increase and decrease coolant flow rate, respectively, in
order to tailor the distribution of coolant flow to the requirements imposed
by the aerodynamic heating distribution about the nosetip, as discussed in
reference 1. In the case of the discrete hole tungsten nosetip, tle addi-
tional pTocessing beyond the machbining of the tungsten-copper rod to the
configuration of Figure 2-1, included only tle drilling of 13 discrete holes

from the surface of the nosetip through the material to the inside plenum.

Detailed descriptions of the final nosetip configurations are shown In

Table 2-I. Nosetips I and 2 were both porous tkkagSten nosetips with no
additional modifications to tailor the coolant flow. Porous tungsten nose-
tips 3, 4 and 8 were all modified with tungsten vapor deposited on the side-

wall, as shown in Table 2-I. Porous tungsten nosetips 5 and 7 were modified

with 20 blind holes, equally spaced, at the sonic point located at the nose-
tip location where the local surface angle is 45 degrees, and with tungsten
vapor desposited upon the sidewall. Nosetips u and 9 were made of tungsten-
copper, with discrete holes drilled into the tip region. During the drilling

5



process of nosetip 6, two tungsten-carbide drills being used broke and
were lodged inside the discrete holes. This nosetip was not processed any
further, and was not used in the remainder of the program. Nosetip 9 con-
tained 13 discrete holes, each measuring 0.030 inch diameter. One hole was
placed at the stagnation point; six holes, equally spaced, were placed at
the 30-degree location, and six holes, equally spaced, were placed at the
60-degree location.

0.596 0.

0.25 R.

FULL R. RE

0.063
0.07

A1 0.314 0R
1.21.39

0 .510 45'
OW I0.375 24 UNJF" 3A THREAPER MIL-S-8879A, 3

0.716 I I

450AI
I I

.125 1.030 FULL DEPTH
32 U .

Figure 2-1. Nosetip Model
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TABLE 2-1

Description of Fabricated Nosetips

Nusr, Doncriptien MSodel Contlstutle

3 Poostnse ith 1,. of tungsten -apor deposited o'-l uptdpot
po te lden. II

4 Pu~t- -A.- .1u1n~teulh Jo of t ungste super dopoutted (:2 .npodposilt

.prn the o l end ..t 20 blled hoes "I uu1 y0 blind holes

1111d.t1:4 d ..ne esot .n......u.. .030 1ne-

T untte--oppr. Hornets holu* (dustd during

.1 t I"1 aideoI delA h I hodlol. stun ly , 0 blid holen 11d.. 41,pdote reeh holet. r~ l inrh

ii. n .001 inc d .. p

.010 lo, die 41' ,n hole pisod atshnteO pit y
nte holen. u lly OpACOs. at 10 d-.1-u sod .1
10 degre..

2.1.2 Porous Tungsten Materials

The selection of porous tungsten notictip materials to be tested in this
programs at thle lWright-Patterson Plastla Arc Facility wae based on thle results
of the tests and analyses conducted under AMMhRC Contract DAAG6-73-C-0053
(Referencee 1). It was found in that study that plorous tungsten matrices
processaed fromi the 80/20 tungaten-coplper (80 V/n W - 20 v/n Cu) were
superior to the other materials in minimizing the coolant flow rate varia-
tion between actual and ideal flew.



The 80 v/o W - 20 v/o Cu material used for the nosetip test specimen
in this test series, was manufactured by Sylvania. It is an interconnected
pore tungsten matrix, infiltrated with copper, and meets SPRINT Specifica-
tion 11181124 (Appendix III). Prior to the acceptance of this material, a
metallurgical examination was made of the microstructure of the specimens of
tungsten-copper provided by Sylvania. The paragraph in the SPRINT Specifi-
cation dealing with the microstructure limits the tungsten grain size to
0.010 mm maximum when examined at 1OOX magnification. In addition the size
of the copper filled areas ace required not to exceed the tungsten grain size.
Many times, strict adherence to this specification is both not possible and
not critical. Once in a while, isolated copper filled areas slightly larger
than the tungsten grain size do occur in the fabrication of the material.
The material was accepted inasmuch as it is the only porous tungsten avail-
able without resorting to a porous tungsten development program. A typical
area of the Sylvania tungsten-copper material specimen is shown in Figure
2-2, at a magnification of 10OX. Note the larger size copper particles,
scattered and isolated, within the tungsten matrix, which otherwise contains
uniformily distributed, fine, copper particles.

mN
1

,Zs

X,

Figure 2-2. 80%W-20% Cu as-polished. From Sylvania
1-inch diameter bar. Note the scatter.d

larger size copper particles.
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After machining the tungsten-copper nosetips to shape, the copper was
extracted to arrive at the porous tungsten nose tips. Copper removal was
performed in a vacuum furnace in which the samples were inductively heated
to 25501F in a 0.5 x 10-5 mm Hg vacuum. A total of four hours was required
to melt and evaporate the copper. Prior to the evaporation process, and
at intervals during the process, the samples were etched with a nitric acid-
water solution to expedite the copper removal process. The etching process
was used to remove the copper from the surface pores. The initial etch took
24 hours while subsequent etches, generally three in number, took 1/4 hour
each. A summary of nosetip copper extraction results are shown in Table 2-11.
A total of seven nosetip samples were prepared in this way. The weight loss
in the specimen was due to the copper that was extracted and has been com-
pared to the theoretical amount of copper that can be extracted. The amount
of copper extracted varied between 8.75 to 12.47 percent of the original
nosetip weight. A correlation between the amount of copper extracted from
each particular nosetip and its performance in the 50 MW plasma arc tests could
not be made. This confirms the evidence discussed later in this section,
that the porous tungsten product achieved by purchasing tungsten-copper and
extracting the copper results in nosetips lacking predictable reproducability
in flow characteristics.

TABLE 2-11

Summary of Nosetip Copper Extraction Processing

Original
Noeetip W, of Final Wt Not Theoretical
Nodel Nouatip of Hosetip Loas Loon Loon
liMber (grams) (grams) (gram) (Percent) (Percent)

I 40.3102 35.2807 5.0295 12.477 11..

2 41.09728 37.45972 3.63756 85 11.4

3 41.11572 36.22865 4.88107 11.88 11.4

4 41.16205 38.1075 3,654 8.75 11.4

5 40.00165 35.91087 4.09078 10.23 11.4

7 39.97619 35.71436 4.16 10.43 11.4

8 39.97719 36.35143 3.625 9.06 11.4

After extracting the copper from the tungsten nosetip materials, an in-
vestigation of each porous tungsten apecimen was made in which optical
microscopy, scanning electron microscopy (SDI), and X-ray microanalysis were
used to locate and identify any defect areas. For each specimen, micrographa
were taken of the upper threaded areas and a typical area on the conical
lection of the nosetip. No defects were found in any of these micrographa.

In addition, for those specimens which were sputter coated with tungsten,
micrographs of these areas were taken before and after coating. Typical of
these are the micrographs taken on the sidewall of specimen number 4 which
are shown in Figures 2-3, 2-4, 2-5 and 2-6.

A vapor deposited coating with 3om of tungsten produced the morphology
shown in Figures 2-5 and 2-6.

Typical micrographs of the blind holes taken on specimen number five are
shown iti Figures 2-7, 2-8, 2-9 and 2-10.
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500X, 0KV, 0,

Figure 2-3. Typical Area on th Cap
of Specimen No. 4

2000X, 20KV, 01

Figure 2-4. Surface at the Center of Figure 2-3
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44I

500X, 20KV, 00
Figure 2-5. Typical Area on the Cap of

Specimn No. 4 after Sputter Coating
with 3 Mic rons of Tungsten

\O1P

F~gre -5 2000X, 20KV, 0*
FigurL 2-6. Coated Surface at the Center of

Figure 2-



pt

12X, 10KV, 22-

Figure 2-7. Blind Holes on the 'rip of ',pecimen No. 5

10OX, 20KV, 22'

Figure 2-8. Blind Hole kit the Center of
Figure 2-7
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500X. 20KV, 220
F igure 2-9. Area at the Bottom of the Hole

in Figure 2-8
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2.1.3 Sealing of Nosetip Model Threads

Prior to the assembly of the nosetips and the model holder, the threads

in the porous tungsten nosetips had to be sealed externally to ensure that
the coolant would not leak through the threads and provide a lower pressure
path than the nosetip itself. The threads were gold plated. Immediately
-ri7r to assembly, silicone rubber was applied to the threads. The seal was
preserved with the combination of the gold plating and the silicone rubber.
During the gold plating process, the sphere cone portion of the nosetip was
covered with a neoprene rubber plating shield. The process used for gold
plating the threads on each porous tungsten nosetip is as follows:

I The part was ultrasonically cleaned for 2 minutes in a 20 percent
solution of Brulin 815*1.

2 The part was rinsed in running water for 2 minutes and in deionized
water for I minute.

3 The electrical circuit was activated for 30 seconds while the part
was dipped in a solution of 20 percent HF plus 20 percent HNO at

130 degrees F.

4 The part was double rinsed in deionized water, and subsequently

neutralized for 10 seconda in a 5 percent solution of Na 0H.

5 The part was immediatelv placed (without rinse) into a gold bath,
where it was electroplated for 72 minutes at 1 volt dc.

6 The part was thoroughly rinsed in cool ruunng water for approximatd'y

3 minutes.

7 The part was immediately dried with (lean filJte. ed air and sealed in a
fresh plastic bag.

The holding fixture used for the electroplatigR process is schematically
shown in Figure 2-11.

Figure 2-11. Holding Fixture for Electroplating
Porous Tungsten Part with Gold to Seal Pores

CX~ M'.

\ IC nCA1 (VO 11M I M lITIT

%Ise'Wd ftWSIV PLAll5, 941l1

14



2.2 Model and Holder Configuration Design and Analysis

2.2.1 Model and Model Holder Design

The model and model holder assembly design is shown in Figure 2-12.
The nosetip (Figure 2-1) is machined from tungsten-copper (80W/20Cu) as
previcusly described, from which the copper is extracted, leaving a porous
tungsten matrix. The nosetip is held into the model adapter forward body
by a threaded appendage. A high pressure liquid coolant seal is provided
by an O-ring at the tip of the appendage.

The model adapter forward body is shown in Figure 2-13. It was machined
from tungsten-copper and includes female threads to adapt to the nosetip
and to the model adapter aft body. An 0-ring provides a high pressure seal
at the interface with the aft body. Tile model adapter aft body, shown in
Figu:- 2-14, is machined from 347CRS. The forward end featvres a male thread
to adapt to the model adapter fcrward body. The aft end is threaded to
receive a 1-inch adapter which holds the assembly to che sting. Forward
of the 1-inch thread, the internal passage is tapped for 1/4-inch NPT,
This thread adapts to the coolant conduit. Both sections of the model adap-
ter were wrapped with a silica phenolic heat shield.

The coolant conduit shown in Figure 2-15 is machined from 5/8-inch
Type 304CRS tubing. Both ends are threaded 1/4-inch NPT. The forward end
mates with the model adapter aft bod' . The aft end threads into an elbow.
A hexagonal cross section is machined into the conduit near the aft end to
provide a means for holding it while tightening the elbow on the aft end.
A centering washer (Figure 2-16) positions the conduit in the tunnel through
the sting.

The ent ire assemly was mounted in the Wright-PN.cterson Plasma Arc
Facility sting. Fully tlchintd parts are shown in Figures 2-17 and 2-18.

O-tin9i

CModl adopter at; boory Modal adaptor forward body

Figure 2-12. Model and Model qolder Asbembly
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Figure 2-13. Model Adapter Forward Body
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12.0
1.00 0.625 0.0.0 0.187 WALL SO. '1.00

0.59 K ACH INE T0 .620. 9 002 0. 59%

1/4 NPI BOTH ENDS

Figure 2-15. Coolant Conduit

0 I2 IF 060 12 Figure 2-16. Centering Washer

010

NOSE TIP OIL F00MR BOY 001 BODY

Figure 2-17. Mxodel and Model Holder (Exploded)

F'igure 2-Id. Model and Model Holder (Assembled)
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The structural design requirements due to aerodynamic loads were based
on the environments which the CONAP models experience upon insertion into
the plasma arc stream facility (References 10 and 11). The CONAP specimens
are mounted on a rack which is moved laterally into the plasma arc stream.
To assess the air loads, it was assumed that the test specimen could move
into the stream with a velocity of 100 ft/s. This resulted in an effective
angle of attack of 1/2 degree. Using hypersonic aerodynamic relations, the
running load and the overall shear and bending moment diagrams were de-
veloped for the worst case (80 atm) condition. These are shown in Figure
2-20. The stresses in the test specimen, resulting from these loads, were
determined to be insignificant.

A three-dimensional thermal response analysis of the initial design
concept shown in Figure 3-9 was used as the basis for the thermal stress
and internal pressure analysis (Reference 12) of the porous tungsten nose-
tip and the tungsten-copper model holder. The tungsten-copper material
properties are based on Reference 9.

In the infiltrated material the copper does not bond to the tungsten-
copper matrix and does not add to the tensile strength of the tungsten-
copper material, For the purposes of this analysis, it was assumed that
porous tungsten strength is an inverse function of porosity, and therefore,
porous tungsten tensile strengths equal to 80 percent of the tungsten-cop-
per values were considered reasonable. The material properties used are
shown in Figure 2-21.

The results of the thermal stress analysis of the tungsten-copper
model holder in the 20 atm environment are shown in Figure 2-22. It can
be seen that in the aft portion of the model (Figure 2-22a) that the thermal
stress exceeds that allowable after 5.1 seconds. Thermal stresses at points
forward of the ft section did not exceed that allowable.

The results of the thermal stress analysis at the 80 atm environment
are shown in Figure 2-23. hIere, It can be seen that at two rearward points
checked, thermal stresses exceeded that allowable after 1.25 seconds. The
stresses in the forward portion, which is a thinner section, did not exceed
that allowable. The thermal stress analysis of the initial tungsten-copper
model holder, Figure 2-19, limits the test time to 5. 1 seconds for the 20
atm condition and 1.25 seconds for the 80 atm condition.

Hloop stress and a thread shear strength analyses were conducted on the
shaft of the nosetip. The analysis considered a 5000 psi internal pressure.
These are summarized in Figures 2-24n and 2-24b, respectively. These curves
show that a safety factor of 2.0 can be maintained on the hoop stress and a
safety factor of 3,0 on the thread shear if the 20 atm test is limited to
4 secornds and the 80 atm test is limited to 2 seconds.

Based on these limitations, the final design (Figure 2-19b) incorporated
a heat shield oyez the entire s eel. and tungsten-copper bodies. This signi-
ficantlv reductd 'he temperatures end resulted in thermal stresses and hoop
stresses no longer being critical, In addition, to maximize the safety
factor for the porous nose threads, a seal was placed aft of the thread to
minimize tension force, and a radius root thread was used to decrease the
stress cojceantra'lon.
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Figure 2-20. Overall Teat Specimen Airloads
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2.3 Plasma Arc Test Conditions and Geometry

The CONAP porous tungsten matrix concept was evaluated at the Wright-
Patterson 50 MW Plasma Arc Facility, RENT Leg, at the 20 atm pressure con-
dition. Table 2-111 describes the model geometry and the desired test condi-
tions. Prior to testing, it was assumed that the internal shroud nozzle
hardware (Reference 11) would be implemented. However, immediately prior
to the test series due to higher priority facility considerations the hard-
ware was removed, which slightly altered the test conditions. The nosetip
environment data were obtained by a copper calorimeter model identical in
configuration to the nosetip, in which three calorimeters were imbedded,
A copper pressure model, with a similar configuration, had pressure taps at
the same locations as the calorimeters. Pyrometers used during the tests
to record surface temperature were aimed so that their viewing area co-
incided with the location of the calorimeters on the calorimeter model.
Data from these instruments were processed to provide heat flux, surface
pressure, and temperature distributions.

TABLE 2-Il1

Model Geometry and Desired Test Conditions

Cone Malf Pt 2
Nose Radius Angle x = 0.1" Mach No. q Stag 11

Model (RN, Inches) (degres) (atm) x - 0.1 in. (BTU/ft2-s) (BTU/lb)

CONAP 1/4 10 20 2.0 3500 2800

Pitot 1/4 6 20 2.0 3500 2800

Calori.eter 1/4 6 20 2.0 3500 2800

2.4 Test Matrix for the 20 Atm Tests

The test specimens incorporated several variations of the basic model
(Figure 2-i). An optimum nosetip would control distribution of the coolant
flow to correspond to the heat flux distribution. As described in Section
2.1.1, two different techniques were employed in an attempt to achieve
ideal flow distibution. One technique was to drill blind ioles on the
exterior surface of the spherical portion of the nosetip to decrease pres-
sure drop in this region, thus increasing the local flow rate of the cool-
alit. The other technique was to vapor deposit tungsten oil the conical
surface of the nosetip to increase the pressure drop in this region, thus
decreasing the local flow rate of the coolant. The thickness and extent
of the vapor coating were varied to control the flow distribution. The
test specimens employed various combinations and degrees of these two
t.chlniqnes.
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The original test plan included the configurations shown in Table 2-IV.
The sequence and selection represented a logical progression in the flow
modification methods from test to test so they could be adequately evaluated
in their contribution to the nosetip performance. This plan, however was
not strictly followed (as will be shown later) because the actual modifica-
tions to specimen flow characteristics proved to be much smaller Lhan the
unanticipated specimen to specimen variation.

TABLE 2-1V

Test Plan for the 20 atm Test Condition
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2.5 Model lnstallation

Prior to installation the model oid model holder assembly, as shown
in Figure 2-12 were assembled and leak checked to 5000 psi pressure. As a
part of the final sealing and leak check operation imediately prior to
testing at the 50 MW Plasma Arc Facility, sufficient data were taken so
that average flow characteristics (permeability and iooertial resistance
coefficient) could be determined for each aosetip. The assembly was then
installed in the sting usig the 1-inch threaded adapter to hold the assembly
in position. The centering washer (Figure 2-16) was placed over the hexa-
gotial section ooo the aft end of the coolatnt conduit (Figure 2-15), and an
elbow was threaded onto the aft end of the conduit. The hexagonal section
was used to hold the conduit while the elbow was tightened. The elbow was
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positioned to point downward by rotating the entire assembly on the 1-inch
adapter. Additional plumbing was then attached to the elbow to connect to
the coolant manifold. Finally, the aft cover was placed on the sting.

A coolant manifold with a solenoid valve in each of the two branches
directed coolant flow to either of the two test specimens mounted on the
50 MW test carriage. The control system for the coolant expulsion system
had two timers which were set to provide timed sequencing of the two mani-
fold valves and also to provide timed sequencing of the four flow control
valves so that the coolant flow could be decreased in discrete steps dur-

ing the exposure of each specimen. The flow rate/time sequence was ad-
justed for each separate model as required, The timers also provided the
switch of flow from one model to the next model commensurate with the car-
riage timing sequence.

2.6 Instrumentation

Two instrumented models were fabricated to evaluate conditions in which
each test model was exposed in the plasma arc. These two models, built by
Aerotherm/Acurex, are shown in Figure 2-25. The model on the left is a
calorimeter model containing three calorimeters. One is located at the
stagnation point, one at a point 50 degrees around the spherical nose from
the stagnation point, and the third is 1/4 inch aft of the tangency point
between the spherical nose and the conical forebody. The model on the
right in Figure 2-25 is a pressure model. Static pressure ports are located
at positions corresponding to those described for the calorimeters. The aft
location is shown clearly in Figure 2-26. These two models were mounted on
stings similar to those on which the test models wete mounted. The aft
faces of these models were designed to interface with an adapter which was
a part of the 50 M Plasma Arc Facility. Tite two instrumented models were
swept through the plasma jet at a cotrolled rate during each test run to
provide hoat flux and pressure distribution data.

AFT LOCATibu O0
~P RL P U1L POPL

Figure 2-25. Instrumented Plasma Figure 2-26, Aft End of Pressure Probe
Arc Hodels
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Instrumentation used to measure coolant pressure and coolant flow rate
included a venturi, two pressure transducers, and a thermocouple. The ar-
rangement of the venturi and transducers used is given in Appendix I. Digi-
tal volt meters were employed to monitor the coolant absolute pressure and
the differential between the absolute pressure and the venturi throat pres-
sure. An Iron constantan thermocouple was attached to the stainless tubing
just upstream of the coolant delivery hose. This junction was thermally
insulated to provide a reasonably accurate thermocouple response to the
liquid coolant temperature. A summary of the instrumentation used during
the tests is shown in Table 2-V.

TABLE 2-V

Instrumentation and Equipment Requirements

Measurement Range Date Source instrumentation Required

Coolant 0 to 80'r Iron constantan thermocouple Strip type recorder or step
temperature attached to 3/8 inch stainless type prit.ter

tube on coolant supply cart,
externally insulated

Coolant 0 to 5000 PSuA Absolute pressure transducer Digital volt meter (monitor)
absolute located on coolant aupply cart, 15 volt poser supply
pressure Statham model P822-5 Bridge conditioner

Wide hand amplifier
Oscillograph
Ambilog hybrid computer

VenturI 0 to 500 PSD Differential pressure tree- Digital volt meter (mniter)
differential du,.r iocetd on coolant supply 13 volt power supply
pressure cart, Statham model PLi80-TC- Bridge conditioner

500-350 Wide band emplifiter
scillograph
Abilog hybrid computr~

Stagnation Stag point-0 to 300 Pressure Model
poit PSIA Statham transducer PA285TC-300 15 volt power supplies
pr*sure 30' point - 0 to 15U Stathan transducer PA265TC-10 bridge conditioners
distribution PSI

ody psot-0 to 30 Stathum trsaducer PA283TC-50 Wide band &epliftre
PSULA Ocillodrapb

Abilog hybrid computer

Surface St.g point 35800 Calorimeter model Bridge conditioners
host flu' 50' point 1700- Wide band amplifiers
distribution body point 3550 sctllograph

*tBIft..e.. Asbilog hybrid computer

Nos tip Stl point 2000-350004 optical pyroasters with a That required for recordlg
surface teap S0' point 1500-2000'S field of vies of 0.06 to 0.10 output fro 3 pyromters
dilstributio Body polar 1000-1500-k Inch

Weight of 0 to 300 lb Boon type platform scal**

c
l nd

sr I

2.7 Test Conditions

'aat conditions were measured for each run by the pressure model and
the calorimeter model. The data from run to run showed excellent agree-
ment. Figure 2-27 shows the pressure data for the three runs. Pressure

28



data were taken at three discrete locations. As shown in Figure 2-27, the
pressure distribution follows the Modified Newtonian approximation quite
well. The heat flux distributiou data are shown in Figure 2-28. Calori-
meters were located at the same axial downstream distances as the pressure
taps on the pressure model. The heat flux data taken for the three runs
also showed excellent agreement. The heat flux data also agreed well with

the cos 3/2 0 distribution which uggests, according to Reference 13, that
laminer flow existed over the total calorimeter model. Table 2-VI sum-
marizes the nominal facility conditions during this test series. The
enthalpy is calculated from a modified ve;'sion of the Faye-Riddell heat
transfer equation adapted Lo the 50 MW facility, (Reference 14) and re-
quires heat flux and stagnation pressure as input data. A comparison of
Tables 2-111 and 2-VI shows that the test conditions, in particular the
stagnation enthalpy, were more aevere than specified prior to the test.

OISINI6 ICN A. W

I ~I

Figure 2-27. Pressure Distribution

,TABLE 2-VI

igure 2 rsu CONAP Testing at Wright-

S • .. .. -....... -... . Patterson APB Dayton, Ohio

Xf! I Test Conditions:

I 400 2

I~~~ 1 STAG - 80 lll/I

-1----- .14 jSTAG

Figure 2-28, Heat Flux Distribution
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2.8 Porous Tungsten Nosetip Flow Characteristics

Testing in the 50 MW Plasma Arc Facility was conducted on porous tungs-
ten models which were assembled, sealed, and leak checked immediately prior
to shipping the models tc the facility. During the leak check operation,
data were taken at room temperature with nitrogen gas to evaluate the aver-
age flow characteristics of each nosetip. Analysis of these data showed
that of the nosetips fabricated, only one (nosetip No. 3) possessed the
flow properties that were identified as desired properties as defined by
Reference I and were anticipated to exist in the nosetip. A comparison
of porous tungsten flow characteristics is shown in Figure 2-29. The cross-
hatched area possesses desired porous tungsten nosetip flow characteristics.
This was based upon the analysis of Reference 1, The materials whose flow
characteristics lie within the cross-hatched area are the 80 percent Sylvania
and 80 percent Wah Chang materials. Although the 80 percent Sylvania porous
tungsten material was used exclusively in the current test series, the flow
characteristics for the nosetips fabricated from this material showed signif-
icant scatter as well as a large departure from the range of desired proper-
ties. Only nosetip No. 3 possessed flow properties that were anticipated
before the tests. Nosetip model No. 2, which contained no flow modifying
additions, required the highest coolant pressure to achieve a given amount
of flow, and was not used. If these nosetips were ranked in terms of the
amount of pressure required to push a given flow rate through the matrix,
nosetip No. 2 would require the highest upstream pressure, followed by nose-
tip 4, 5, 8 and 7. finally, nosetip No. 3 required the least upstream pres-
sure of this group. Therefore it can be seen that the scatter in the basic
flow properties of the nosetips, even though they were all from the same
batch of material, appears to overshadow the nosetip modifications originally
made to study the effects of these modifications on the control of flow dis-
tribution in the tiosetip matrix.
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Figure 2-29. Porous Tungsten Flow Characteristics Correlation

and Materials Assessment
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2.9 Test Results

The models shown in Figure 2-30 were all tested in the identical 20 atm
environment. Table 2-VII summarizes the test results. All tests were initially
intended to run for a total of 4 seconds. The first run consisted of model
No.'s 7 and 8 manifolded to the supply source. Model No. 7 was located on
strut No. 1 and model No. 8 was located on strut No. 3 with strut No. 2
being left er;pty. The expulsion system (see Appendix I) provided coolant
first to the model on strut No. 1 and subsequently to the model on strut
No. 3. During the first run, model No. 7 split longitudinally at 0.5 second
after reaching centerline. This model was not recovered. During the re-
maining 3.5 seconds that the model holder foi model No. 7 was at centerline,
the expulsion system vented through the relatively large orifice that was
opened. Thus, when model No. 8 entered the flow field, coolant pressure
was very low and supplied insufficient coolant. The model, therefore,
abldted and eventually exposed the internal hole. Figure 2-31 shows the
post test condition of wodel No. 8.

The second run consisted of models 4 and 5; model No. 4 was on strut
No. I and model No. 5 was on strut No. 3. Both of these models were suc-
*essful and survived for the full 4-second duration. Model No. 4 had a
small amount of stagnation point ablation and no known matrix cracking.
A post test view of model No. 4 is shown in Figure 2-32.

Model No. 5, however, developed a large crack on the sidewall near the
end of the 4-second test, caujing the gas to vent through the crack and
thereby starving the stagnation region. A post test view of model No. 5
is shown in Figure 2-33.

The third test consisted of model No. 3 and model No. 9. Model No. 3
was placed on sting No. I and model No. 9 on sting No. 3. Model No. 3
broke at the neck 1.2 seconds after reaching centerline. The data showed
that up until that point, the nosetip was performing well. Figure 2-34
shows a post test photograph of the model No. 3. The surface blemishes
are due to the spherical nosctip impacting and scraping several metallic
surfacas after being propelled by the pressures in the plasma arc. The
tip was later found downstream of the plasma arc ejector. Because model
No. 3 broke at the neck and broke away from the model holder, the expulsion
syst :u vented similaxly as in the first test. As model No. 9 reached cean-
terline sepply pressure of the samonia was roughly 20 atm which was equal
to the stagnation pressure of the facility. Thus, the aideports had pres-
sure differential whereas the stagnation point did not. The model ablated
at the stagnation region and exposed the internal supply orifice. It is
interesting to note that once the central flow passage was uncovered, abla-
tion ceased, even with inadequate coolant (Figure 2-35).

Figure 2-30. Varioue Models Fabricated for Testing
in the 50 HW Test Facility
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TABLE 2-V11

Test Results at Wright-Patterson 50 MW Plasma Arc

Model Model
No. Description Results Condition
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F~igure 2-31. Post Test of Porous Tungsten Nosetip No. 8
Supplied With Inadequate Coolant and Tasted for 4 Seconds
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Figure 2-32. Post Test of Porous Tungsten
Nosetip No. 4 Tested for 4 Seconds

Figure 2-33. Post Test of
Porous Tungsten Nosetip

No. 5 Tested for 5
4 Seconds

Figi~ii. 2-34, Poet Test of Porous Tungsten Nosetip
No. 3 Tested for 1.2 Seconds

Figure 2-35. Post Test of
'A Discrete Hol~e Nosetip with

2 Inadequate Coolant
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Figures 2-36, -37, and -38 show pyrometer data for the stagnation
point region, the 50-degree point on the spherical tip, and the conical
point on the body 1/4 inch aft of the tangency point. It is interesting
to note that in Figure 2-38, both nosetip No. 5 and nosetip No. 9 appeared
to have very high surface temperature at the sonic point. It can be con-
strued that the discrete holes and blind holes induce local sonic point
turbulence, thereby causing higher heating and temperature at this loca-
tion. From Figure 2-37, it can be seen that the sidewall temperature of
nosetip No. 3 was indicating far more coolant emerging from the sidewall
than the other nosetips. This is expected in light of the flow character-
istics of this nosetip when compared to others. Flow rates to the models
are shown in Figure 2-39.
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Figure 2-36. Stagnation Point Temperature
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Figure 2-37. Sidowall Temperature (1/4 Inch Aft of Tangency Point)
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3.0 RAMBURNER TEST PROGRAM

Testing was conducted in the Martin Marietta Ramburner Facility on sur-
rogate nosetips made from aluminum to assess the configurational characteris-
tics of several CONAP discrete hole matrix concepts. These simulated hot-gas
tests evaluated survivability of several nosetip configurations under con-
ditions scaled to an advanced interceptor flight condition. The test series
in the ramburner facility was conducted at zero-degree angle-of-attack; how-
ever, flow visualization was obtained on each concept both at zero-degree
and 10-degree angles-of-attack.

Five configurations were evaluated and are summarized in Figure 3-1 and
described in detail in Figures 3-2 through 3-6. The configurations include
those with one centerline hole and those with one centerline hole and side-
slots. Prior to testing these configurations to determine minimum survival
flow rates, flow visualization work in the cold flow facility verified that
flow emanates from the sideslots as well as the centerline hole at both zero
and 10-degree angle-of-attack as shown in Figure 3-7. The flow visualization
tests were conducted in Martin Marietta's Cold Flow Facility adjacent to the
Ramburner Facility. The Cold Flow Facility is a simple Mach 2.5 free-jet
nozzle connected to an upstream high pressure nitrogen supply. It is used
primarily for flow visualization and pressure distribution tests.

The Ramburner test conditions are summarized in Table 3-1. The models
were tested for 10 secon,'s in each run and were mounted on a conical sting
shown in Figure 3-8. The models were tested several times with flow rates
to each model being initially high and then sequentially reduced from run
to run until the model failed in order to determine relative performance.
Table 3-11 through 3-VI detail the tests conducted on aci model. Table
3-VII :! mmarizes and compares the overall test results.

Two of the configurations tested have merit: 1) the 30-degree ogive
with glots and 2) the sphere-cone-cone with slots. Thzse models required
the least amount of coolant at zero angle-of-attack to survive. For these
concepts to have serit in future flight test programs, these results would
have to be verified for a range of angle-of-attack conditions to slow
that these configurations rekain optimum at all appropriate angles-of-attack.
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CONFIGURATION ZERO-DEGREE 10-DEGREE
NUMBER DESCRIPTION ANGLE-OF-ATTACK ANGLE-OF-ATTACK

1SPHERE-CONE WITH 1/8-INCH
CENTERLINE HOLE

SPHERE-CONE-CONE WITH
2 1/8-INCH CENTERLINE

HOLE

SPHERE-CONE-CONE WITH
3 1/8-INCH CENTERLINE

HOLE AND SIDESLOTS

60-DEGREE BICONIC WITH
4 50-MIL CENTERLINE HOLE

AND SLOTS

30-DEGREE OGIVE WITH
5 1/8-INCH CENTERLINE

HOLE AND SIDE SLOTS

Figure 1-7. FIlo VisuaIization of CON Discrete Hole H 'rices

44
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TAB! E 3-11

TABLE -3-1 'esL telkmu Of Modcl No. I

Iismburner TOOL Conditin Sphae-Cotie -ith 1i/8inTch Cenr ine Hole

TI -anto 3100I H UNt. Flowt.e to Test Time
'todet lb!s (Seconds)

PGtgaLin - 6pi 1 0.397 10
., 0.7 lbin 2 a 2 0.195 t0

0 5 inches 3 0. 12Y 10

Y 1244 0.068 10
5 0.051 10

Model Material -Aluminum 6 0.034 10

7 0.026 10 Filed
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TABLE 3-I1

Test Results of Model No. 2

Sphere-Cone-Cone with 1/8-inch Centerline Hole

Flow rate to Test Time
Runs Model b/ (Seconds)

1 0.069 10

2 0.0468 10

3 0.0348 10

4 0.0234 10 Model Failed

TABLE 3-IV

Test Results of Model No. 3

Sphere-Cone-Cone with 1/8-inch Centerline Hole and Sidealots

Flow rate to Test Time
Runs Model b/s (Seconds)

1 0.097 10

2 0.065 10

3 0.0485 10

4 0.032 10

5 0.024 10 Survived with
Onset of malt

TABLE 3-V

Test Results of Model No. 4

60-Dogroe Diconic with 60-mi1 Cnterline Hole and Slots

Flow rate to Test Time
Runs odal We (Scods

1 0.144 10 Melt around

slots
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TABLE 3-VI

Test Results of Model No. 5

60O-Degree Ogive with 1/8-inch Centerline Hole and Side Slots

Flow Rate to Test Time
Runs Model lb/ (Scods)

1 0.065 10

2 0.045 10

3 0.032 10

4 0.024 10

5 0.016 6 Failed at
6 seconds

TABLE 3-VII

Summary Results of Configuration Study

Model tLowest Flow Rate at Which Flow Rate at Which

Description fModel Survied in 10 Seconda Failed in 10 Seconds or Less

Sphere Cone 0.034 lb/ 0.026 lb/

Sphere-Corne-Cone 0.0348 0.0234

Sphere-Cone-none
with Slots 0.024

60-degree biconic with
Slots 0.144

30-dogreo Ogive with
Slots 0.024 0.016
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4.0 CONCLUSIONS AND RECOMMENDATIONS

During this study, three-dimensional nosetips were tested at both the
50 MW Plasma Arc Facility and the Martin Marietta Ramburner Facility. The
testing conducted in the 50 MW facility compared and evaluated the perform-
ance of porous nosetip designs in a three-dimensional environment. The re-
sults of thi3 test series in an environment which was more severe than ex-
pected, showed that: 1) two porous tungsten models performed well for the
total test time of 4 seconds, 2) one model performed well for 1.2 seconds,
but subsequently broke at the neck, and 3) one model failed at 0._; sec, and
the remaining two models did not receive sufficient coolant because of expul-
sion system venting. Of the five porous tungsten rodels tested, three porous
models cracked longitudinqlly along the sidewall, and one broke at the neck
during the tests. Only one of the modelr had no apparent cracking. Based
upon this performance, it can be concluded that the CONAP porous tungsten
matrix concept using a reactive gas operates successfully. The matrix
material, however, requires considerable development to quality as a flight
system nosetip candidate.

In addition to improveme .'s in material strengths, improvements in the
predictability of porous matrix flow characteristics will be required. It
was found that, during thu test series where flow modifications to the nose-
tips were to be evalu"ted, the flow tailoring efforts via material variations
such as blind holes and vapor deposition were over-shadowed by the model-to-
model variation in flow properties due to variations in the matrix. This
suggests that the approach to fabricate nosetips from tungsten-copper stock
doer not yield sufficient control of the end item product. To specify, a
priori, porous nosetip performance requirements, material fabrication methods
must control porosity and flow properties, and must identify process variables.
The continuation of the CONAP porous tungsten approach calls for a strong
materials effort ospecially in the basic fabrication of the matrix where the
original tungsten powders can be blended and sintered under defined conditions.
This type of fabrication process control would be the next logical step in
the development of the CONAP porous tungsten matrix concept.

The testing conducted in the Ramburner Facility evaluated the external
configuration of the CONAP concept using the discrete hole matrix. The
significant result of this evaluation was that a departure from the ordi-
nary sphere-cone configuration was advantageous in terms of minimizing flow
requirements. 1wo concepts in particular requiredl loss coolant than others
considered: 1) the 30-degree ogive configuration with side slots and 2)

the sphere-cone-cone configuration with sideslots. The next logical step
in assessing these concepts is to verify these results at other angles-of-
attack.
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Future work in the development of the CONAP concept should concentrate
on the following:

1 Development of porous tungsten material.

2 Assessment of discrete hole concepts at angle-of-attack.

3 Testing of the discrete hole concept in a plasma arc facility.

4 Assuming that viability of both concepts is demonstrated,
combined ablation-erosion testing followed by full scale ground
tests in a rocket exhaust facility should be performed.
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APPENDIX I

COOLANT EXPULSION SYSTEM

1. COOLANT EXPULSION SYSTEM DESCRIPTION AND OPERATION

The coolant expulsion system is designed to provide anhydrous ammonia
to a transpiration cooled nosetip. It is expected to provide a flow rate of
approximately 0.10 lb/B at a pressure of 5000 psig. Design of the system is
based on the funcional concept of a previous syotem but is designed for
higher pressure operation and incorporates several safety features not pre-
sent in the original system. One of these features is a remotely actuated
pressurization valve and a nitrogen vent valve which makes it unnecessary
to approach the system while the ammonia is under high pressure. A system
of hand valves helps to assure that ammonia will not leak from the system,
due to its natural room temperature vapor pressure of 140 psia, when the
system is depressurized. The system is mounted horizontally on a hand truck
making it mobile and permitting ready access to every component in the system.

A schematic diagram of the coolant expulsion system is shown in Figure
I-i, and a photograph of the system is shown in Figure 1-2. Liquid anhydrous
ammonia, stored in a high pressure accumulator, is pressurized with gaseous
nitrogen to force the ammonia through the porous nosetip.
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MANIFOLD
CONTROL ASSEMBLY -CONSOLE

CART t

Figure 1-2. CONAP Coolant Expulsion System

Gaseous nigrogen is supplied from a 6000 psi cylinder. A pressure
regulator assures constant pressure while the coolant is being expelled from
the system. Two pressurization valves, a hand shutoff and a solenoid valve,
are employed to ensure that the ammonia will not be pressurized inadvertently,
and both valves must be open to pressurize the system. The hand shutoff valve
is opened during preparations for a test run. The solenoid valve is opened
immediately prior to the start of a test run by an electrical signal from a
remotely located control panel. A rupture disc assembly is located between
the two pressurization valves. The rupture discs were selected to fail at
5300 psig.

Two vent valves (hand shutoff and solenoid) are included in the system
to allow rapid dumping of system pressure. Both valves must be opened to
allow the nitrogen pressure to vent. The hand shutoff valve will be opened
during preparation for a test run. The solenoid valve will be opened at
the end of a test ran prior to approaching the system. It nay also be opened
during a teqt run in the event of an emergency. The solenoid valve is opened
by an electr'cal signal from the remotely located control panel.

A bypso' leg and bypass valve are provided to allow the system to be
used to supply pressure regulated, flow rate controlled gaseous nitrogen as
a coolant. The valve is also used in purging and filling operations. Nor-
mally it is closed during a test run. A check valve prevents ammonia from
backing through the bypass leg where it might enter the upper part of the
accumulator.

|band shutoff valves are provided both upstream of the accumulator in
the pressurization line and downstream of the accumulator in the ammonia
line, to serve as isolation valves. These valves are necessary during fill
and purge operations. Both of those valves are opened during prepara-
tions for a test run.
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Pressurization of the liquid ammonia is provided by a hydropenumatic
accumulator.' The bladder type accumulator is filled to its rated capacity
(2 1/2 gallons) with liquid anhydrous ammonia in the region external to the
bladder. Whin the bladder is pressurized by opening both pressurization
valves, the nitrogen pressure is transmitted to the ammonia.

Two fill legs and two fill leg shutoff valves are provided. These may
be used in a variety of ways during fill and purge operations. Both valves
are closed during preparation for a test run.

The anhydrous ammonia must pass through two filters prior to entering
the flow control network. These filters assure that particulate matter will
not interfere with closing of the flow control solenoid valves or cause
clogging of the pores in the porous nesetip model. The prefilter uses a
sintered stainless steel filter element designed to hold back particles
larger than 3 microns. The final filter uses a replaceable paper element
to hold back particles between 0.47 and 3 microns.

The flow control network consists of four parallel branches each of
which includes a hand metering valve and a solenoid valve. The metering
valves can be preset to pass a selected flow rate at a given coolant pres-
sure. The solenoid valves can be separately actuated from the remotely
located control panel to provide flow through oie, two, three, or four
branches simultaneously.

A hand shutoff valve downstream of the flow control network provides
backup for the four solenoid valves to prevent leakage of ammonia in the
event one or more of the solenoid valves should leak. This manual valve
is left open during preparations for a test run.

Flow measurement is achieved with a venturi and a set of pressure
transducers. The venturi is designed to provide a differential pressure
of 500 psi at the design maximum flow rate. The differential pressure
transducer is designed to provide a signal over the range from 0 to 500
psia and will withstand a differential pressure of 1000 psi. A check
valve, immediately downstream of the venturi, will prevent damage to the
venturli in the event of a system rupture upstream of the venturi. Without
the check valve, such a failure would cause internal parts of the venturi
to shear a snap ring and force the internal parts of the venturi upstream
into the system.

The liquid ammonia flows through a flexible hose into a manifold which
branches to two solenoid valves. These valves can be opened sequentially
during a test run to allow coolant to flow through two test models in
sequence.

2. PROCEDURE FOR FILLING TIE ACCUMULATOR WITH ADIONIA

The system is prepared for charging by attaching a vacuum pump and pull-
ing a vacuum on the part of the system normally filled with ammonia. The
bladder is iflated to a few psi to expel all the gas in the accumulator
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external to the bladder. An ammonia cylinder is attached by a flexible
harness to fill port B (see Figure I-I). The fill harness includes a bleed
line to allow the harness to be filled with ammonia prior to admitting am-
monia to the system. Nitrogen pressure in the bladder is decreased as neces-
sary to admit ammonia into the accumulator. Initially, part of the ammonia
will vaporize. In due time, the vapor will condense and liquid ammonia
will continue to flow into the accumulator. When the beam balances on the
platform scales, indicating that 14 pounds (2 1/2 gallons) of ammonia has
flowed into the system, the fill leg valve is closed, and the cylinder valve
is closed. The bleed valve is opened on the fill harness to allow the am-
monia in the line to boil off.

To avoid dumping ammonia into the air during the bleed operations, the
fill harness is attached to a suction tee to which a garden hose carries tap
water. The mixed ammonia and water coming out of the suction tee is carried
to a suitable drain or open area by a garden hose.

Since there are no means to gage the quantity of ammonia remaining in
the accumulator following a test run, it is necessary to dump the remaining
ammonia and recharge the system between test runs. Dumping employs the
suction tee and tap water arrangement used for bleed operations. It is
not necessary to use a vacuum pump prior to recharging when the system
already contains ammonia.

3. INTERFACING HARDWARE

During the 50 MW testing, plumbing connections were required from the
coolant manifold to the coolant conduit in both stings on which a test model
was mounted. The plumbing on the exit sides of the two manifold valves were
3/8-inch AN male fittings, The fitting on the coolant conduits provided
a 3/8-inch AN male fitting.

Interconnections were made with 3/8-inch, 0.049-inch wall stainless
tubing and Parker 37-degrees flare fittings or other fittings suitable for
pressures to 4000 psi. Interconnections can also be made with suitable
high pressure flexible hose. If flexible hoses are employed, care should
be taken to ensure that tile lining is compatible with liquid anhydrous
ammonia.

4. REMTE OPERATION OF EXPULSION SYSTEM

A remotely located control system permits both automatic and manual
control of the coolant expulsion system. The manual shutoff valves and
metering valves maist be preset prior to a test run to snable the remote
control system to properly perform its functions. A schematic diagram of
the remotely located control system is shown in Figure 1-3. The electrical
equipment located at the coolant expulsion system is shown schematically in
Figure 1-4. The control panel is shown in Figure 1-5.
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The automatic features of the control system are achieved with two cam
type timers and a relay. Prior to a test run, the power is turned on, the
nitrogen pressurization switch is turned on, and each of the three reset
buttons is pushed until the corresponding green light comes on. Simultaneous
with the starting of the plasma jet, a switch is automatically closed (Sig-
nal 1) which opens one of the solenoid valves in the flow control network
and the manifold valve admitting coolant to specimen 1. Simultaneous with
the start of the carriage, a second switch is automatically closed which
starts timer I. Timer I immediately actuates switches which open the re-
maining three valves in the flow control network so that when specimen 1
reaches the jet, the coolant flow rate is at the iaximum level. At preset
time intervals these same three valves close sequentially causing the coolant
flow rate through the test specimen to decrease in steps. About the time
specimen 1 leaves the jet, timer 2 is actuated and immediately all of the
flow control valves are opened. At this point, timer 1 ia stopped. When
specimen 2 enteres the jet, the flow control valves repeat their routine.
when timer 2 stops, signals I and 2 are removed, and nitrogen pressure is
dumped by briefly actuating the vent valve switch and observing the coolant
absolute pressure monitor. The reset buttons are pushed until each green
light comes on. Power is then shut off. Should an emergency occur during
a run, an abort switch can be actuated which removes power from all the
valves except the nitrogen vent valve.
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APPENDIX II

FACILITIES

1. AFFDL 50 MW PLASMA ARC FACILITIES*

The Air Force Flight Dynamics Laboratory's 50 MW Plasma Arc Facility
consists of the Reentry Nosetip (RENT) test leg and the Hypersonic Test
Le (HTL). Pitot pressures up to 100 atm and heating rates of 18,000 BTU/
ft -s to a 0.25-inch nose radius tip can be obtained with the RENT test
leg. This le3 is used basically for nosetip testing. The HTL test leg
can simulate heating rates corresponding to Mach numbers from 8 to 13 with
30-minute run times and is used primarily to test and evaluate aerothermal
structures and thermal protection systems associated with reentry heating.
The HTL test leg can accept models up to 6 feet ia length.

Both legs of the plasma arc share a common air supply, electrical power
supply, cooling water system, and data acquisition system.

a. Are eaters

The key components of the facility are the high pressure, high
voltage arc heaters. The N-4 heaters presently used can heat up to 7 Ibm/s
of air to onthalpies of 2000 to 6200 BTU/Ibm at pressures up to 125 atm.
Tile air is heated with a direct current arc, vortex stabilized along tile
axis of two water cooled tubular copper electrodes in ,:oaxial tandem arrange-
ment. The arc attachment points are stabilized axially and rotated around
the inside walls of the electrodes by the combined action of electromagnetic
coils and the air vortex.

By varying the direction and velocity of the air injected into
the are heater, the energy distribution across the test section can be varied
from flat to peaked, with centerline onthalpy values nearly twice those
found in the surroundiag flow. A flat enthalpy distribution is usually
used in the ilypersonic Test Leg and peaked in the RENT leg. Varying the
internal airflow and facility power conditions produces enthalpias from
1,200 BTU/lbm to 6,200 BTU/Ibm in the center of the test jet. Contamination
of the air delivered to tile test section, consisting principally of copper
compounds from the electrodes, is less than 0.1 percent by weight and is
generally confined to the flow field perimeter.

*AFFDL 50 MW Plasma Are Facility descriptica consists of excerpts from
Reference 10.
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b. Data Acquisition and Recording

The two test legs share a comon computer-based data acquisition
system which is built around an AMBILOG 200 hybrid computer. In the normal
data recording mode, 262 channels of data can be sampled each second, con-
verted to the proper engineering units, and recorded on magnetic tape. Not
all of the 262 data channels are available for model instrumentation. The
number available for model instrumentation is dependent on the signal con-
ditioning equipment used and on the overall requirements of the test program.
On-line computation of derived data is performed using multi-sample averages
of the raw data, and any four items of data can be presented with I second
update on a "nixie" tube display in the control room for monitoring the test.
In the high speed mode, used for RENT leg model data acquisition, up to 6
channels per model strut position can be sampled and recorded at 1 ms inter-
vals. Additional channels of high speed data can be recorded on oscillo-
graphs. After a test run the basic and computed data are retrieved from
the magnetic tape and printed at 1000 lines per minute.

c. RENT Test Leg

The RENT test leg produces a high enthalphy, high pressure air-
stream ideally suited to the study of ablation phenomena. Other high pres-
sure, high heating rate tests dealing with transpiration cooling and in-
ternally water cuoled leading edges can also be accompP hed.

A schematic of the major system components is shown in Figures l-I
and 11-2. The use of an atmospheric-pressure free-jet test section is possi-
ble because the flow from the RENT nozzles is underexpanded to produce high
pitot pressures. Pitot pressures up to 100 atm and stagnation point heat
fluxes of 18,000 BTU/ft

2
-s have been measured on 0.25-inch radius hemi-

spherical nosetip models. These values of pressure and heating rate corres-
pond to a total enthalpy of 6,200 BTU/Ibm.

AK A R -.....

WILL1010h AIML QIY(

UM SPINI COIL Wkt~ SPIN (Olt WHU

Figure 11-1. RENT Test Leg Schematic
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Figure H1-2. RENT Test Section and Model Support

1) Model Support System

A linear motion model carriage is used for insertion of the
models or probes into the test flow. The carriage has five model struts
laterally spaced I foot apart. All model struts and associated hardware
are water cooled. Water cooling can also be provided for models as required.

The model carriage operation can be programmed so that each
strut has one of two types of exposure to the test flow. A model or probe
can be held on the flow centerline for a specified duration or swept across
the test flow at a specified velocity which way range from I to 100 iT/s.
Each of the five struts has an axial drive system that cs be servo-con-
trolled to keep the nosetip of an ablating model at a given axial station
or be remotely adjusted to any set point within its 6 inch range of travel.

The five struts are designed to accept a standard hemisphere-
cone model of 2-inch base diameter and a 10-degree cone half-angle. How-
ever, with the approval of the AFFDL project engineer, other shapes and
sizes can be adapted to the facility.

2) Data Acquisition and Recording

As mentioned earlier, the key facility parameters can be con-
tinuously monitored from displays in the control room. In addition, test
point data taken at selected intervals are recorded on magnetic tape by the
computer and printed out on request. In its high-speed mode, the computer
system can sample and record each of six channels at 1-ms intervals from
each strut. Also, two CEC Visicorders are available for strip chart dis-
plays of about 12 channels per strut, dlepending on the type of data being
recorded.
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In addition to the above data acquisition systems, two Photo-
sonic and one Hycam motion picture cameras are available. The general char-
acteristics of these cameras are listed in Table II-i. The two Photosonic
cameras receive a 1 kHz signal from the computer from which a digital time
is generated and printed in a coded decimal form on each film frame. The
1 kHz signal is also recorded on the Visicorders, enabling all of the analog
and digital data to be correlated in time.

TABLE II-I

Available RENT Leg Photographic Equipment

Negative
Camera Size Remarks

Photosoaic 16mm Use: RENT leg
High speed computer time displayed

on each film frame.
Frame rate: 24 to 1,000/s
Magazine capacity: 400 ft or

1200 ft
Normally available: 2

Mitchell 16mm Use: RENT leg
1 kHz timing marks available
Frame rate: 24 to 400/s

Magazine capacity: 400 ft
Normally available: 2

Hycam 16mm Use: RENT leg
I kflz timing marks available
Frame rate: 8 to 128/
Magazine capacity: 400 ft
Normally available: 1

Mitchell 16mm Use: RENT leg and Hypersonic leg
Frame rate: 8 to 128/s
Magazine capacity: 400 ft
Normlly available: I

3) Nozzles

Three types of nozzles are presently available for the RENT
arc heater: 1) contoured nozzles for parallel flow, 2) conical nozzles, and
3) flared nozzles. The nozzles are made of zirconium copper alloy and are
of thin wall design with high pressure and high velocity backside water
cooling. They are suitable for arc heater operation up to 1800 psi chamber
pressure.
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The shrouded nozzles are designed to surround the hot core
with a large cold-flow pressure field which will permit thermostructural
tests of larger test articles and of bodies at different angles-of-attack.
The cold shroud flow is added through an annular slot upstream of the nozzle
throat. These nozzles require cold mass flow rates 5 to 15 times the heated
mass flow.

2. VACUUM FURNACE

A vacuum furnace was employed to boil off the copper from the
porous tungsten specimens. This furnace (shown in Figure 11-3) consists of
a water cooled stainless steel tank with a viewing port and a gas tight
gland through which a water cooled RF coil is passed. A high capacity dif-
fusion vacuum pump is also attached through a series of valves and a liquid
nitrogen cold trap to the stainless steel tank. A 5 kW RF generator is
connected to the RF coil and provides the heat to boil off the copper. Boil-
ing off the copper in the prescence of a vacuum is necessary both to prevent
tungsten oxidation and to achieve copper boiling at relatively low tempera-
tures (copper boils at 2200OF at a pressure of 2,5 x 10-3 mm of Hg). This
facility was capable of achieving both these conditions.

Figure 11-3. Vacuum Evaporation Equipment for Copper Removal
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3. RAMBURNER TEST FACILITY

The Martin Marietta Ramburner Test Facility delivers high tempera-

ture vitiated air to the test article from a blowdown system. The ramjet
combustor burns over a pressure range from 30 to 300 psia and has a variable
controlled combustion temperature from 2500*R to 4500*R. An inlet tempera-

ture is controlled by an 02-H2 preheat system. The combuster characteris-

tically burns JP-4 fuel, although other fuels have been used. A summary

of the available test conditions is given in Table II-II.

The facility is shown in Figure 11-4 and a system schematic is

shown in Figure 11-5. Gas flow is controlled through automatic sequencing
equipment.

TABLE I-Il

Subacale Ramburner Facility Operational Capability

Combustor
Available Air Fuel Air Air Gas Combustor

Air Flow Flow Temperature Pressure Temperature Pressure

(lb) (lb/a) (lb/a) (OR)/02H2) (psia) (OR) (psia)

300 1 to 25 0.05 to 520 to 2000 30 to 2500 to 30 to 300
2.0 for 10 min+ 350 4500
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[ 1. SCOPE

1.1 This specification covers one type of pressed and sintered porous tungsten,
infiltrated with copper. This material is prepared by powder metallurgical techniques
in the form of bars, rod or plate.

2.* APPLICABLE DOQDESET

2.1 The following documents of the issue in effect on the date of invitation for
bids or request for proposal, form a part )f this specification to the extant specified
herein.

SPEIFICATION4S

Federal

Qg-A-673 Anodes, Copper

Military

MIL-1-6866 Inspection, Penetrant, method of

STADRS

Federal

FED-TMs-KETSIOD-=I-151 Metals, Test Methods

KXL-STO-129 Harking for Shipment ape Storage

(Copies of speciications, standards, drawings and publications required by supplier
in connection with specifiv procureent functions should be obtained from the procuring
activity or as directed by the contracting officer.)

2.2 OIther publications.- The following documents form a pert of thire spacification
to the extent specified herein. Unless otherwise indicated, th3 issue In effect on
date of invitation for bids or r'Nueat for proposal shall ap~,lyi

k.'erican Society for Testin2 And KAterislg

ASIII--2 Standard Methods of Preparation of
Micrographs of Metals and Alloys

ATh-E-4 Methods of Tension Testing of Hatalic
materials

SIZE COOE IWENT NO.

A 17773 11181124
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AST-1-112 Standard Methods for Estimating the Average
Grain Size of Metals

(Application for copies of AM publications may be obtained from the American Sxiety
for Testing and Materials, 1916 Race Street, Philadelphia , Pennsylvania 19103.)

Society of Automotive Engineers

AUS 2630 Ultrasonic Inspection

(Application for copies of A4S publications may be obtained from the Society of Auto-
owtive Engineers Inc., Department 010, Two Pennsylvania Plaza, New York, New Yo*,
10001.)

(Technical society and technical association specifications and standards are generally
available for reference from libraries. They are also distributed among technical groups
and using rederal agencies.)

3. REQVIPNEC1S

3.1 Qualification.- The material furnished under this specification shall be a
product which has been tested, and passed the qualification tests specified herein.

3.1.1 Requalification.- The supplier is advised that if the material formulation
T construction has been changed nince the receipt of qualification approval, sample.
nall be submitted for reapprova). before supplying material to the requirements of

this specification.

3.1.2 So',:ce information.- Only the item(s) listed on this drawing and identified
by the vendorlTaoa=o (s), address(as), and part nqaber(a) have been tested and approved
by Safeguard Systm Ccarm.id for use in the Safeguard System. A substitute item shall
not be used without prior testing and Approval by Safeguard System Ccmmand.

3.2 Material.- The material shall be supplied in the as sintered and infiltrated

condition. It shall be a porous tungsten base of uniform perticle size manufactured
by powder metallurgical processes and infiltrated with copper. After sintering, the
porous tungsten base shall be of uniform density (78 to 82% of thcoretical). Not
less than 954 of the pores shall L intorconnecting. The infiltration efficiency shall
be at least 90%.

3.2.1 Coconent proportios.-

Tungsten 78 to 82 volume % (89 to 91 weight 5)

Copper 16 to 22 volume 5 (8 to 11 weight 5)

3.3 Chemical composition of copgonants.-

Botncopper

CIa'boa SO PI3 maximum QQ-A-673, Type II u'urtet
Oxygen 100 14A maasij

Gill CO3t0OI NO

A 17173 11181124
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3.3 Chemical composition of ccuponents (continued).-

Tlunaten

Nitrogen 50 ppm maximum
Tungsten 99.93% miniim

3.4 Density and ultimate tensile strength.- The sintered and infiltrated material

shall have the following properties at room tieratures

Density 16.8 to 17.3 gus/cc

Ultimate tensile strength 60,000 psi mini-

3.5 Microstructure ar. jrain size.- The microstructure shall exhibit a uniform
distribution of tungsten and ccpper. The grain size of the tungsten shall be 0.010 mai.,

maximun, when examined at 100 magnification. The size of the copper filled areas shall

not exceed the tungsten grain size.

3.6 Defects.-

3.6.1 Surface defects.- No cracks or discontinuities are permissible as deter-

mined by penetrant inspection.

3,6.2 Internal defects.- Tte material shall be sound and free of internal defects.

3.7 K .- Each container for the materials covered by this specification shall
be marked in a permanoat manner with the following informations

a. This specification nuriber and revision level

b. supplier's name, address, an designation

c. Purchase order number.

3.8 Workmanship.- The mater;al shall be uniform in texture, free from impurities
and other defects that would prevent its use for the purpose intended, or that will

adversely affect life, aerviceability, or appearance.

4. QUALITY ASSUPANCZ PROVISXO119

4.1 Reonqibilitq for innpection.- Unless otherwise specified in the contract
or purchase order, the supplier is responsible for the performance of all inspection
requiramonts as epocifted herein. Dicept as otherwise specified, the supplier may
utilize his own facilities or any o:A aercial laboratory acceptable to the procuring
activity. The procuring activity reerves the right to perform any of the inspections
set forth in the specification whoro such inspections are deemed necessary to asure
supplies and services conform to the prescribed roquireeauts.

4.2 Classification of tests.- Inspection and testing shall be claasifxed as
follovei

a. Qualificetion tests

b. Quality conformance taste

iU coDn (OVT NO.

I ~ 17773 X1191124
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F .. ulfcto et. ulfcto tes' s shall consist of tests for all

4 .2.2 Quality conformance tests.- Qi, .ity conformance tests shall consist of
tests for the following require, 'n-tts for each lot.

Test or inspection Requirement Test methed

Density 3.4 4.3.a

Visual 3.8 4.7

4.3 Test methods.-

4.3.1 Density.. The water displacement method of measuring density shall be
used. For samples under 200 grams, a suspended pan balance with a sensitivity of
0.0005 grams Is used. For samples between 200 and 2000 grams a suspended
pan balance with a sensitivity of 0.01 grams is employed. Distilled water to which

- I 5 drops per 1000 ml (of water) of an aerasol wetting agent has been added is used
for immersion of the samples. The sample is .uspended in the water by means of

* a fine wire of sufficient size to safely carry the load. Density is calculated by
the usual formula:

DWeight in air (grams)
Coss or weight in water (grams);_

'Values used In t!,te formula must be cot-rected fur the weight of the4
susiension wire.

4.3.2 C heit-al compos itikm of componentsa.- The cheica ~l comipos it ion of the
copper shail be determined ir accordaince . ith Mdethod 111.2 of FlED-TL'.ST-
MLETlOD-STID- 151. The oxygen and nitrogen content of the skelet.11 tungsten
shall be determined in .iccorddlne with the procedure and equipment of LEC0
rc-3o Simultaineous Nitrugen-Oxygen Oeterminator, 'Lab&oratory E~quipment

Corpri~ion 30 1-kevew vene, t. oseh, ichgan490035, or equivalent.
Thecaronennen of0). selealtunstn sallbedetrmnedinaccordance

with the procedure an4 equipment of 1ACO Gasonieric Carbon Analyzter, Labiora-
tory lw~ttipnent Corpc 'atlon. 300 Lakeview Avenue, St. Josieph.i Nlihlg .n -0085,
or eql ialent. Thie tungsten content shall be deturiniined in avourclsnce with
Methotl 111.2 or 112.2 ofrli-lS-FTlDSD1l

4.3.3 Ultimiate ten.lstrngh. The ulimate tensile strength 1hall be
dete rmlned in accurdince with AST'M-lE-O.

4.3.4 Milcrostructure.- 'te incrostrurture shlall he determinel in accordance

with ASTM-IE-2.L I 17773 *11101124
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4.3.5 Grain size.- The grain size shall be determined in accordance with
ASTM-E-112.

4.3.6 Surface defects.- Surface defects shall be determined in accordance
with MIL-I-6866, Type I. penetrant inspection.

4.3.7 Internal defects.- Internal defects shall be determined in accordance
with AMS-2630, ultrasonic inspection.

A 173 16e1124

MV F 61es a

76



'L 2013-A3

4.4 Test conditions.- Unless otherwise specified in the test procedures, tests
shall be conducted at a temperature of 77 +10' F and the relative humidity shall be
30 to 70 percent.

4.5 Examination of product.- All samples of material shall be examined carefullyto determine conformance to this specification with regard to requirements not covered
by specific test nothods.

4.6 Examination of preparation for delivery.- Preparation for delivery of mater-
ials ready for shipmee.- shall be examined to determine conformity to the requirements
of Section 5.

4.7 Visual inspection.- All samples of material shall be examined carefully to
deternine conformance to te requirements specified in '.8 •
Unless otherwise specified, all visual examinations shall be conducted with an unaided
eye, except for normal corrected vision.

4.8 Rejetion.- Failure to meet any requirements of this specification shall
be cause for rejection of the entire lot.

4.9 Vendor report.- Vendor shall submit with each shipment a certified report
of compliance to the requirements of this specification.

5. PREPARATION #OR DELIVERY

5.1 Pack.jing,- The matcrials are normally stpplied in crates, boxes or cartons.

5.2 Pac:ing.- 1h.e material shall be prepared icr shipment in accordance with
corwrcial pr .ut ce to insure carrier acccpta.ce and safe tranrportat' "n at the lowest
rate of elivery and shall oot, as a ninir.un, the requirements of carrier rules and
regulations alplirable to the modo of transportation.

5.3 Hri trof of shii nts.- Each shipping container shall be marked in a permanent
manner in ncco.,inca with ItIL-STD-129 where aeplicable, with the following informationt

a. This specification number and revision level, and item claesification

b. Su'pliea'r naea, ed4aesS, atd designation

c. Date of shipent

d. Purchase order nuabr

o. ot nuLbuz

6. WO'fZ

6.! Intar.,Id kms - Parts fabricatcd from this material are intended fer use in
extrez high tx.)rat wo and oXl4Asin OnviConManto.

6.2 Definitlons.-

6.2.1 Lot.- A Ict shall crqiaist of all material delivered for acceptance at one
time which hze been fakrcatj r l ',.NN I. _k i

W'd Coal I5,NI 140________________

A 17713 11181124
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6.3 Ordering data.- Procurement doc-ents shall include the follovwig,

() Title, number, and ravision level of this specification

(b) Supplier's item identification nuimbr, name, and address

(c) Quantity of material required

6.4 Approved source(s) of supply.-

Teledyne Wah Chang Albany
Albany, Oregon 97321

Sylvania Electric Products Co.
Towanda, Pennsylvania 18848

6411 CONa WthKO.
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QQ-A-673a
February 25, 1964

SUPERSEDING
Fed. Spec. QQ-A478
-une 2, 1958

FEDERAL SPECIFICATION

ANODES, COPPER
This specification was approved by the Commnisioner, Federal Supply Str-
iwe, General Servie Administration, for the use of all Fede" agecies.

I. SCOPE AND CLASSIFICATION Federal Standards:

1.1 Scope. This specification covers cop- Fed. Std. No. 102--Preservation, Pack-
per anodes for use in electroplating baths. aging, and Packing Levels.

Fed. Std. No. 123-Marking for Domes-
1.1.1 Federal specification coverage, Fed- tic Shipment (Civil Agencies).

eral specifications do not include all varle- Fed. Test Method Std. No. 151-Met-
ties of the commodity as indicated by the ala; Test Methods.
title of the specification, or which are com-
mercially available, but are intended to cov- (Activities outside the Federal Government may
er only those g-nerally used by the Federal obtain copies of Federal Speclficatione, Standards,
Government. and Handbooks as outlined under General Informa-

tion in the Index of Federal Specifications, Stand-
1.2 Ccdefon. and landbooks and at the prices indicated in

1.2.1 Tvpes. Copper anodes shall be of the the Index. The Index, which Includes cumulative
monthly supplement as issued, is for sale on a sub-

following typos, as specified (see 6.2) : serlption basis by the Superintendent of Document,
U. S. Government PrintIn. Offic-, Washington.

Type L-Non-deoxidized. D. C. 20402.
(Single copics of thin specification And other

Type II.-Oxygen free. product specifications Muired by activities outhIl
the Federal Govermont or bidding purposes are

Type IlI.-Deoxidlzed. phosphorus bear. available without charge at the General Services

lg. Administration Regional Offices in Boston, Now
York, Washington, D. C., Atlenta, Chicago, Kana"

2. APPLICABLE SPECIFICATIONS City, Mo., Datlas, Denver, Sn Francisco, And

AND STANDARDS Auburn, Wash.
(Federal Govornment actlvities may ottaoi copies

2.1 The following specifications and stand- of Federal SpectficatioA. Standarde, and filnd.
books and the Index of Federal Specifications.

erds, of the issues it effect ol date of in- Stamords, and Ilandhooki from established 4ia.
vitaton for bids or request for proposal, tyibutino points in their agenies.)
form a part of this specification:

Feder Speciftctiou : MiU&ary Stondards:

PPP-B-585---Boxes, Wood, Wirebound. MILSTD-105 - Sampling Procedurces

PPP-I-4OI-Boxea, Wood, Cleated-Ply- and Tables for Inspection by Attri.
wood. butes.

PPPI-I-QI-ox(^ Wood, Nailed and MIL.STD-129--Markng for Shipment
Lock-Corner. and Storage.

C FSC 3426
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(Copies of Military specifications and standards 3.3 Chemiical composition. Unless other.
required by suppliers in connection with special wise specified in the contract or order (see
procurement functions should be obtained from the 6.2), the composition of the copper anodes
procuring activity or as directed by the contracting shall meet the requirements shown in ta-
officer.) ble 1.

3. REUIREENTS3.3.1 An analysis for each lot of anodes
3.1 Materials. Anodes shall he of solid shall be furnished by the contractor show-

copper. They shall be either cast, lorged, lug the percent of the elements designated
rolled to size, or cut to size from electroly- intbe1
tic cathodes, castings, or rolled plates. intbe1

3.2 Slze, shape, and method of suspen- 3.3.1 An analysis for each lot of anodes

sion. The size, shape and method of sus- shall ho furnished by tile contractor show-

pension (wvhen applicable) of the anodes nug tho percent of the elenments designated

shtall be as specified (see G.2). in table I.

3.2.1 Ball anodes shall have a diameter of 3.4 Cuprous oxide. Types 11 and III anodes
approximately 2 inches and weigh not less shall be free front euprous oxide when
tihan 1-1/4 pounds. Sheared bar altd shapes tested in accordance with the microscopic
with 0on0 or both ends hemispherical are Oc.- test as specified in 4.5.2,
ceptable provided that the overall length
does not exceed four inches. For type II tp- 3.5 Identificatin. Each anode, except haill

her anodes only, flit bars with a maximum anodes, s5hall be permniently identtified with
length of four incites and it mlvxintum diun- the following informatiloll
eter of two Incihes will be acceptable. (a) "ANODE, COPPER"

'l'AII .- Chietaical comlposition' (b) Specificationt number

4~~~~ ~~~~ ~(c) Type clasalficationtuil ll~i itll

Imn prent0.03ma. 0 sifts]0.03ax permtanently mtarkled with the word "cop)-
,;U~uritelr' or tile qytibol "Cu," either ah tlic re

piereest ... 0.001 max. (1.03OS x 0.05ax stilt of casting or otherwise imprintingth
t.Cld, percent 0.te3 isSx. 0.002 max0. 0.002 mlax. selected idenitifying mark.
.kotliony,
perent ... 0.002 mac. 0.002 sifx. 0.002itmax. .Womahp.Aods011lerlti

Nickel, 236Wrmthp ndssalb lu

ilirrent .. 0.003 siax. 1.002 rni. 0.e0 max. aiti substantially free fr~ont cracks, casting
Total hills10. warps, linclusionts, Porosi ty. ragged

si.~t'llredges, surface films suchl as rolling skin,
IiprllS n other ilefct.l whc aodvrry(f-

ascento I. ' feet uifornm corrosloit ill service. Alludes

porerit *. 0h msat. - A_ si iiot lhe brolien.
11hvephonta. 4. SAMlPING~, INSI5EVION. AND)

0 00 1040

Silvfer Is couted as colipfe. 4.1 Unless othierwise specified in lile con.
Aeslyxs ahall be msade only for thce elemntes iract or purchase oriler. thsupp~t~lier is re.

eprecfivslly to,-sllonr,i In the Alcvo table. If, qtpensible for the performantce of all Inspec.
however, ths prvatore. of ether elempritt I. In. tIon reelnlrerotnns s pecifitrd lwrein. Rx.
dileated is the cooas of routin. asalyals. further
analyst* phall ba wad, t idtevisfia that thev. cejit As otllerwise specified, dlie Ituppilier

other elemeta itee uot preocut In ext.,. of st mkli iI ille his. owtn fovilitieq or any itn-
limits seeccfl. inorcisil laboratory acceptable to the IGov-
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exnment. The Government reserves the from dirt, oil, grit, and other foreign matter.

right to p-rform any of the inspections set Anodes which have been drilled or machined

forth in the specification where such inspec- for chemical analysis may be included in the

tions are deemed necessary to assure that lot for shipment.

supplies and services conform to prescribed 4.3.1.2.2 For spectrochemical anafyis.

requirements. Two rod electrodes shall be prepared from

4.2 Lot. Unle.-s otherwise specified in the each of two anodes in accordance with meth-

contract or order (see 6.2), a lot shall con- od 112 of Fed. Test Method Std. No. 151.

slat of all anodes of one share and type in The samples shall be prepared by conven-

a single shipment. When practicable, each tional methods, suitable for correct appli-

lot shall be made up of e..:dcs of the same cations and usages of the techniques em-

melt, size, and weight. ployed, The samples shall be free from dirt,
oil, grit, and other foreign matter. Anodes,

4.3 Sampling. Unless otherwise snecified except for ball type, from which electrodes

and when applicable, sampling plans and have been obtained may be included in the

procedures in the determination of the ac- lot for shipment.

ceptability of products submitted by a sup-
plier shall le in accordance with the provi- 4.3.1.2.3 For microscopie examination,

sions set forth in MIL-STD-105. Type 1I and type III anodes that have been
drilled or machined for chemical analysis

4.3.1 Lot acceptaice 8amLplO. tinder 4.3.1.2.1 nd 4.3.1.2.2 shall be em-

4.3.1.1 For risual examination. Sample ployed for the determination of the presence

anodes for visual examination shall be so- of cuprous oxide.

lected from each lot of anodes In accordance 4.4 Lot acceptance examination.
with the provisions of MIL-STD-105.

4.4.1 Anodes. Sample anodes selected in

4.3.1.2 For 'hrotiaal analysis aad micro, accordance with 4.3.1.1 shall be visually ex-

scopic examination. Sample anodes shall be amined for conformance to the reqreirments,

selected as fol:ows: of 3.2, 3.5 and 3.6. Acep'ance criteria shall
be In accordance with MII,-STI)-105 inspec.

(a) For ball anodes or sheared bar and tion level II, acceptable quality level 1.5 per-
shapes not exceeding 4 Inches In length, 4 ccit.
sample anodes shall be selected at random
from each lot. 4.4.2 Packing nd imarking. Packing and

(b) For shapes other than balls or marking of thu anodes shall conform to this

sheared bar and shapes not exceeding 4 specification.
Inches in length, at least 2 sample anodes 4.5 Lot a
shall be selected at random from each lot,
or from each melt If the lot consists of more 4.5.1 Chemical composition. Sample anode-s

than one melt. If the melt or melts cannot selected in accordance with 4.3.1.2 eshall Ix.
be identified, at least 4 anodes shall be s4- tested in accordance with method IlI or 112

lected at random from each lot. of Fed. Teat Method Std. No. 151 to dettr.
mine conformance to the chemical require-

4.3.1.2.1 For chemical analysis, A compoa- mnts of table I. If the sample falls to coy,-
ite sample or :.t least 2 ounces of chips or form to the requirements of table I, the lot
drillings obtained by drlllNg or machining shall bo rejected,
the san~ple anodes of 4.3.1.2, In ficordamne
with method 111 of Fed. Test Method Std. 4.5.2 Cuprnii o.ede. Sample anodes te-

No. 151. ChIpq or drillings shall le cleaned lected In accordance with 4.3.1.2.3 shall be

witlh a magnet. The sample shall be free tested for the prestnce of CUpros oxide
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The oxide shall be determined by micro- (c) Contractor
scopic examination at 75 diameters magnifi- (d) Contract number or order number
cation for compliance with 3.4. Any sample (e) Quantity
found to contain cuprous oxide shall reject (f) Gross weight
the lot.

5. PREPARATION FOR DELIVERY 6. NOTES

(For civil agency procurement, Fed. Std. 6.1 Intended use. Copper anodes are in-
No. 102 should be referred to for the defi- tended for use In copper-plating baths.
nitione and applications of the levels of pres- 6.1.1 Performance. Cast, forged, rlled,
ervation, packaging and packing protection.) or electrolytic copper anodes are satisfac-

5.1 Packing. When practicable, anodes of tory in cyanide copper baths. Cast and rolled
the same size shall be packed together. Un- anodes are satisfactory in acid copper baths
lees otherwise specified, the gross weight of but there is some evidence that electrolytic
each box shall not exceed approximately 200 copper anodes are less satisfactory in this
pounds. type of brth. There is also some evidence

that oxygt., free anodes produce leas sludge
5.1.1 Level A. Anodes shall be packed in in cyanide baths and that oxygen free, phos-

boxes in accordance with PPP-B-601 (over. phorus bearing anodes are more satisfac-
seas type), or PPP-B-621 (overseas type). tory in this respect in acid copper baths.

5.1.2 Level B. Anodes shall be packed in 6.2 Ordering data. Purchasers should ex-
domestic type boxes in accordance with ercise any desired options offered herein
PPP-B-585, PPP-B-6Wl, or PPP-B-621. and procurement documents should provide

the following (see 4.1 and 4.3):
5.1.3 Level C. Anodes shall be packed or (a) Title, number, and date of this spec-

otherwise prepared for shipment to insure

carrier acceptance and to insure safe doliv- ification.
cry to destination at the lowest applicable b) Size, shape and method of suspension
rate. Containers shall meet, as a minimum, (when applicable) (3.2).
the requirement of rules and regulations (c) Composition, if different from 3.3.
applicable to the mode of transportation se- (d) Size of lot, if different from 4.2.
lected. (e) Whether level A, level B, or level C

5.2 Marking. packing is required (5.1.1, 5.1.2,
and 5.1.3).

5.2.1 Civil agencies. In addition to any (1) Additional marking, if necessary
special marking required by the contract or (5.2).
olrder (see 6.2), shipping containers shall be W Bid sample. If necessary (6.).
marked in accordance with Fed, Sid. No. 123.

5.2.2 Military agencies. In addition to any 6.3 Methods of chemical analysis. Itls I
speial marking required by the contract or tended that the chemical analysis be con-
order (see 6.2), shipping containers shall be ducted so that no particular method of Anal.
marked in accordance with MIL,STD.129. yals be specified. As a guide, copper con.

tent In anodes may be determined in accord-
5.2.3 Specific "mrkings. Each container ana, with ASTM Designation E-53, Method

shall be marked with the following: for Chemical Analysis of Copper (Electro-
lytic Determination of Copper). Metallic im-

(a) Specification number purities In copper anodes may be determined
(b) Type and nomenclature, s.s applicable by spoctrographic methods in accordance
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with ASTM Designation E-2 SM5-2, Spec- Motor:
trochesnical Analysis of Wrought Copper
Alloy by the DC Are Technique or photo- Anodes, copper.
metric methods in accordance with ASTM Truckload minimum weight 40,000
Designation E62, Standard Photometric pounds, subject to Rule 115, Na-
Methods for Chemical Analysis of Copper or tional Motor Freight Classification.
Copper-Based Alloys.

Notice. When Government drawings, specifics-6.4 It is believed that this specification tions, or other data are used for any purpose other
adequately describes the characteristics than in connection with a definitely related Govern-
necessary to secure the desired material, ment procurement operation, the United States Gov-ernment thereby incurs no responsibility nor anyand that normally no samples will be neces- obligation whatsoever; and the fact that the Govern-
sary prior to award to determine compli- ment may have formulated, furnished, or in any way
ance with this specification. If, for any par- supplied the said drawings, epecifications, or other
ticular purpose, samples with bids are nec- data, is not to be regarded by implication or other-
essary, they should be specifically asked for wie as in any manner licensing the holder or any
in the invitation for bids, and the particular other person or corporation, or conveying any rightshton serds, b d the b iae or permission to manufacture, use, or sell anypurpose to s patented invention that may in any way be related
should he definitely stated, the specification thereto.
to apply in all other respects.

6.5 Transportation Description. Transpor- MILITARY CUSTODIANS:
tation descriptions and minimum weights ap-
plicable to this commodity a ArryeWC

Rail:
Navy-Wep

Anodes. copper.
Carload minimum weight 40,000

pounds Air Force--WRAMA (Code 84)

S Copies of this spocificianJ may ha purcae tee 5 cnts each,



DISTRIBUTION LIST FOR MARTIN MARIETTA

FINAL REPORT ON CONTRACT DAAG46-74-C-0128

Commander
U.S. Army Materiel Development and Readiness Command
ATTN: DRCLDC, Dr. R. Zentner

5001 Eisenhower Avenue
Alexandria, VA 22333

Ballistic Missile Defense Progtam Office
ATTN: DACS-BMT, Mr. C. McClain

DACS-BMT, Mr. V. Kupelian
Commonwealth Bldg., Room 1100

1300 Wilson Blvd.

Arlington, VA 22209

Director
Ballistic Missile Defense Advanced Technology Center
ATTN: ATC-M, Dr. D. Harmon 1

ATC-M, Mr. M. Whitfield I
ATC-S, Mr. W, Loomis 1

P. 0. Box 1500

Huntsville, AL 35807

Commander
Ballis.ic Missile Defense Systems Command
ATTN: SSC-TMN, Hr. N. J. Hurst
P. 0. Box 1500

Huntsville, AL 35807

Director
Defense Nuclear Agency
ATTN: SPAS, Mr. J. F. Moulton, Jr.

SPAS, Mr. M. Rubensteln
Washington, D. C. 20305

Office of Secretary of Defense
Office of the Director of Defensje Research and Engineering
ATTN, Mr. J. Persh, Staff Specialisc for Materials and

Structufus
The Pentagon

,Washington. D. C. 20301



Office of Chief, Research Development and Acquisition

Department of the Army

ATTN: DAMA-CSS, Dr. J. Bryant

Washington, D. C. 20310

Commander

Harry Diamond Laboratories
ATTN: AMXDO-RC, Dr. R. Oswald 1

AMXDO-NP, Dr. F. Wimenitz 1
AMXDO-NP, Mr. J. Gwaltney 1
AMXDO-NP. Mr. J. J. Corrigan 1

2800 Powder Mill Road
Adelphi, MD 20783

Commander
Picatinny Arsenal

ATTN: Mr. M. Allen 1

Mr. M. Weinstein 1
Mr. B. Frank 1

Dover, NJ 07801

Commander
U. S. Army Combat Development Command
ATTN: Technical Library
Institute of Nuclear Studies

Fort Bliss, Texas 79916

Commander

Air Force Materials Laboratory
Air Force Syste Command

ATTN: KXS/Maj. It. Keck
NBC/Dr. D. Schmidt 1
LNE/Mr. G. Schmitt

Wright-Patteraon Air Force Bauc, Ohio 45433

Effects Technology, Inc.

ATTN: Hr. J. Green
P. O. Box 30400
Santa Barbara, CA 93105

General Ilvctric Company
'Valley Forge Spac. Technology Center
ATTN: Mr. K. Hall

Mr. J. Brazel

P. 0. Box 8555
Philadelphia. PA 19101



Kaman Sciences Corporation
ATTN: Mr. F. Shelton
P. 0. Box 7463
Colorado Springs, CO 80933

Ktech
ATTN: Dr. D. Keller
911 Pennsylvania Avenue, N.E.
Albuquerque, NM 87110

Lockheed Missiles and Space Company
ATTN: Mr. D. Aspinwall
P. 0. Box 504
Sunnyvale, CA 94088

Martin Marietta Corporation
ATTN: Mr. R. Dowd 1

Mr. L. Kinnaird
Mr. A. Ossin
Mr. P. Kendall
Mr. J. Potts
Mr. W, Bauman
Mr. R. Howell

P. 0. Box 5837
Orlando, Florida 32805

McDonnell Douglas Corporation
AUTN: Mr. H. Hturwicz L

Hr. G. Roark
Mr. .1. Wuehrer

5301 Bolsa Avenue
Huntington Beach, CA 92647

Commander
Naval Ordnance Systems Comnand
ATTN: ORD-02331, Mr. M. Kiuna
Washington, D. C. 20360

Commsande r
Naval Surface Woaponn Center
ATTN: Mr. V. Goldstein I

Mr. C. Rowe
Mc. L. Lyons
Mr. F. Koubak I

Silver Spcings, HD 20910



Los Alamos Scientific Laboratory

ATTN: GMX-6, Dr. J. W. Taylor

P. 0. Box 1663

Los Alamos, NM 87544

Space and Missile Systems Organization

ATTN: RSSE/Maj. J. McCormack 1

RSSE/Lt. S. Kreighbaum 1

RSSE/Capt. D. Jackson 1

P. 0. Box 92960
World Way Postal Center

Los Angeles, CA 90009

Sandia Laboratories

ATTN: Mr. J. K. Cole
P. 0. Box 5800

Albuquerque,.NM 87115

Aerospace Corporation

A'TN: Dr. L. Rubi. 1

Mr. J. D. McClelland 1

Dr. R. llalise I
P. 0. Box 92957

Los Angeles, CA 90009

Aeronautical Research Associates of Princeton

AITN: Dr. C. Donaldson
50 Vashington ond
Princeton, NJ 08540

AVCO Systems Division

ATTN: M--. ). Rolincik
Mr. V. DiCristina

201 L.owell Street

Wilmington, b\ 01887

Battelle Memorial ltistitute

ATTNT Mr. Hugh Hanes

505 King Avenue
Columbus, Ohio 43201

'lnstitk.te for efents An alysis

ATTN: Mr. Ellis L. Foster, Jr.
400 Army-Navy Drive

Arlingtcni VA 22202



Prototype Development Associates

ATTN: Dr. J. I. Slaughter

Dr. J. McDonald
Dr. S. S. Dunn

1740 Garry Avenue, Suite 201

Santa Ana, CA 92705

R & D Associates

ATTN: Dr. A. Field

P. 0. Box 9695

Marina del Rey, CA 92664

Southwest Research Institute

ATTN: Mr. A. Wenzel

8500 Culebra Road

San Antonio, Texas 78206

Stanford Research InsL itute

ATTN: Dr. G. Abrahamson
333 Ravenswood Avenue

Menlo Park, CA 90250

Terra Tek, Inc.

ATTN: Dr. A. 1. Jones

University Research Park

420 Wakara Way

Salt Lake City, Utah 84108

'IR,' Systemsi Group

ATIN: Mr, D,. Gamble

Mr. D. Bauer

Mr. I. Ruin
One Space Park

Redondo Beach, CA Q027

Defense Doens,, tatihn Center

CUneron Station, Bldg. 5
5010 Duke Street

Alexandria, VA 22314



Director
Army Materials and Mechanics Research Center
ATTN: DR)DIR-H, Mr. i. F. Dignam

DRX14R-H, Mr. L.. R, Aronin1
BRX?4R-H, Dr. S. C. Chou1
DRXMR-H, Maj. L. Abramson1
DR.XMR-AP1
DRXMR-Pl.
DRXMR-PR

Watertown, MA 02172



r --

PEI Ills
S i i  Isials. I ;11 11

1 1 "1 f[ -I I ,

i g I 'g ill ,

!Jfll,, l 0 1,

0 I H I , j , J

o i8 - U :

0i W -+<,+~ ~~~ _9 +++++{j+
La - aI+ + ' + I l' 

l i
' '.,, "' ' ' + i+ ' ' "I i ' +:L+2i X' " i + ' +!, +. .' i ' +Ii l , k ,:+" li I ,+ .?I+ o "+lt - I i I€+ .

'
-- , + +' + + .+ "' ' '' l+, 1


